Incoming papillomaviruses (PVs) depend on mitotic nuclear envelope breakdown to gain initial access to the nucleus for viral transcription and replication. In our previous work, we hypothesized that the minor capsid protein L2 of PVs tethers the incoming vDNA to mitotic chromosomes to direct them into the nascent nuclei. To re-evaluate how dynamic L2 recruitment to cellular chromosomes occurs specifically during prometaphase, we developed a quantitative, microscopy-based assay for measuring the degree of chromosome recruitment of L2-EGFP. Analyzing various HPV16 L2 truncation-mutants revealed a central chromosome-binding region (CBR) of 147 amino acids that confers binding to mitotic chromosomes. Specific mutations of conserved motifs (IVAL286AAAA, RR302/5AA, and RTR313EEE) within the CBR interfered with chromosomal binding. Moreover, assemblycompetent HPV16 containing the chromosome-binding deficient L2(RTR313EEE) or L2 (IVAL286AAAA) were inhibited for infection despite their ability to be transported to intracellular compartments. Since vDNA and L2 were not associated with mitotic chromosomes either, the infectivity was likely impaired by a defect in tethering of the vDNA to mitotic chromosomes. However, L2 mutations that abrogated chromatin association also compromised translocation of L2 across membranes of intracellular organelles. Thus, chromatin recruitment of L2 may in itself be a requirement for successful penetration of the limiting membrane thereby linking both processes mechanistically. Furthermore, we demonstrate that the association of L2 with mitotic chromosomes is conserved among the alpha, beta, gamma, and iota genera of Papillomaviridae. However, different binding patterns point to a certain variance amongst the different genera. Overall, our data suggest a common strategy among various PVs, in which a central region of L2 mediates tethering of vDNA to mitotic 
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Introduction
Over 170 human papillomavirus (HPV) types and numerous PV types from vertebrate animals constitute the family of Papillomaviridae that contains 39 distinct genera [1] . PVs infect skin, oral and anogenital epithelia, where they either persist asymptomatically or cause neoplasia with a range of malignancies. For example, the HPV types 16 and 18 account for more than half of the cervical carcinoma cases worldwide [2, 3] .
Like most DNA viruses, PVs need to deliver their genome to the host cell nucleus to initiate viral transcription and replication. For this, most intranuclearly replicating viruses use the nuclear import machinery of the host cell (reviewed in [4] ). As an exception, HPVs depend on mitosis for nuclear entry during which the viral DNA (vDNA) gains access to the nuclear space upon nuclear envelope breakdown (NEBD) [5, 6] . In line with the restriction of PV entry into dividing cells, PVs enter the basal stem cells or transit-amplifying cells in squamous epithelia during initial infection [7, 8] .
PVs are non-enveloped DNA viruses with an icosahedral (T = 7d) capsid of about 55 nm in diameter. The capsid is formed by 72 pentamers of the major capsid protein L1, and contains up to 72 copies of the minor capsid protein L2 [9, 10] . The encapsidated, circular, doublestranded DNA genome of about 8-kb is chromatinized with cellular histones [11] . Since the HPV life cycle and thus progeny virus production require epithelial differentiation [12] , socalled pseudoviruses (PsVs) are typically used as a surrogate to study initial infection [13] . PsVs are composed of L1/L2 capsids and a pseudogenome, e.g. a plasmid encoding a reporter gene that indicates successful entry upon expression.
Upon initial binding of the HPV16 particle to heparan sulphate proteoglycans at the cell surface or in the extracellular matrix, a series of extracellular conformational changes are triggered in the viral capsid [14] [15] [16] [17] [18] [19] [20] . These structural alterations appear to prime the virus capsid Given that L2 binds vDNA to escort it into the nucleus, and because L2 and vDNA associate with chromosomes during mitosis, we previously proposed that L2 tethers vDNA to mitotic chromosomes upon NEBD to facilitate the nuclear delivery of the PV genome during cell division [5, 27, 33] . In this study, we used quantitative fluorescence microscopy to identify the required and/or sufficient domains in L2 that mediate chromosomal association. When N-and/or C-terminally truncated HPV16 L2 proteins were tested for their association with mitotic chromosomes, a conserved, central region of 147 amino acids (residues 188-334) in HPV16 L2 conferred binding to chromosomes. Site-directed mutagenesis conserved residues within this newly defined region of 147 amino acids identified several chromosome-binding deficient L2 mutants. Importantly, PsVs containing chromosome-binding deficient L2 mutants were unable to deliver the vDNA to the nucleus. Interestingly, these mutants were also unable to exit vesicular compartments as determined by a novel L2-BirA translocation assay described in detail in [47] . Thus, our overall data indicated a nuclear entry strategy common to various tested PVs, in which a central conserved region in L2 mediated tethering of the vDNA to mitotic chromosomes thereby directing viral genomes to the nascent nuclei during cell division. Further, we propose that the ability to bind mitotic chromatin is functionally linked to translocation of the L2/vDNA complex across a post-Golgi limiting membrane.
Results

HPV16 vDNA and L2-EGFP associate with mitotic chromosomes
Our previous work using infection of HPV16 PsVs containing EdU-labeled vDNA (EdU-HPV16) showed that incoming vDNA associates increasingly with condensed, mitotic chromosomes until metaphase, whereupon the degree of association remained constant [5] . As a reference for the metaphase localization of EdU-labeled DNA in EdU-HPV16 infected HeLa and HaCaT cells, please refer to Fig 1A. Live-cell imaging of L2-EGFP-expressing cells showed that HPV16 L2-EGFP localizes dynamically within the cell during cell division [5] . L2 is nuclear during interphase, disperses throughout the cell upon NEBD, and associates with chromosomes in metaphase. Thus, we proposed that L2 tethers the viral genome to mitotic chromosomes upon NEBD.
While live-cell imaging provides an excellent dynamic resolution of events, its primary caveat is a low spatial resolution. For a higher spatial resolution, the localization of HPV16 L2-EGFP was examined in transfected HeLa cells using laser scanning confocal microscopy ( Fig 1C) . After nuclear localization in interphase and prophase ( Fig 1C, images i , ii), HPV16 L2-EGFP first associated with chromosomes during prometaphase ( Fig 1C, image iii) , and remained associated throughout metaphase, anaphase and telophase ( Fig 1C, images v-vii) . L2-EGFP association also occurred in HaCaT keratinocytes, or when L2 was tagged with a short HA epitope instead of EGFP suggesting that recruitment to mitotic chromatin is celltype-and EGFP tag-independent (S1A and S1B Fig) . Similar to the vDNA, L2 from incoming HPV16 PsV localized to metaphase chromosomes indicating that the L2-EGFP association with mitotic chromosomes in transfected cells phenocopies the recruitment during infection (Fig 1B) .
The chromosomal recruitment of L2 during a specific stage of mitosis suggests that L2 may interact with a cellular protein that itself is specifically recruited to prometaphase chromosomes, rather than a direct L2 engagement of histones or cellular DNA. Based on the low spatially resolved live-cell imaging data, we had previously concluded that HPV16 L2 is recruited to mitotic chromosomes during metaphase [5] . However, the high-resolution microscopy data clearly indicates that recruitment of L2 occurs specifically during prometaphase, and does not require establishment of the metaphase plate. Furthermore, the accompanying paper by Calton et al. demonstrates that during HPV16 PsV infection of synchronized cells, EdU-labeled L2/ vDNA complex begins to associate with mitotic chromosomes specifically during prometaphase, and essentially all of the incoming L2/vDNA is chromosomally associated by metaphase, confirming our previous observations [5, 47] . Importantly, this suggests that transfected L2-EGFP associates with mitotic chromosomes using the same mechanisms as incoming vDNA-associated L2 during PsV infection.
L2-EGFP associates with chromosomes of nocodazole-arrested prometaphase cells
To verify recruitment of L2 to prometaphase chromosomes, L2-EGFP expressing cell populations were enriched in prometaphase using nocodazole. Nocodazole is a microtubule-depolymerizing drug that prevents the formation of the mitotic spindle, and therefore congression of mitotic chromosomes to the metaphase plate [48] . Thus, HeLa cells that stably expressed the histone marker H2B-mCherry (HeLa H2B-mCherry) were transfected with an L2-EGFP expression plasmid, and subsequently treated overnight with nocodazole prior to fixation and microscopy ( S2A Fig). While only a small fraction of cells was in mitosis in the absence of nocodazole (S2B Fig, left, arrowheads) , cells were efficiently enriched in prometaphase in the presence of the drug (S2B Fig, right) . In these prometaphase-arrested cells, L2-EGFP associated with the chromosomes, whereas EGFP alone failed to accumulate on chromatin (S2C and S2D Fig) . These results further validate that L2 is recruited to mitotic chromatin during prometaphase. Moreover, enriching cells in prometaphase allows for a steady-state analysis of mitotic chromosomal association of L2-EGFP in statistically significant numbers of cells.
A conserved, central region in HPV16 L2 mediates association with mitotic chromosomes L2 is multifunctional, facilitating several steps of the viral life cycle in concert with certain host factors: extracellular structural modifications of the capsid prior to infectious cell entry (furin cleavage, cyclophilin B binding domain, annexin A2 binding [19, 25, 49] ), vesicular trafficking and endosome escape (cyclophilin B, sorting nexin 17, sorting nexin 27, retromer, syntaxin 18 binding domains, TM domain, membrane-destabilizing peptide, NRS [25, 26, [37] [38] [39] [40] [50] [51] [52] [53] ), cytosolic transport (dynein, beta-actin [43, 44, 54] ), and particle assembly (NLSs, nuclear export signal, DNA-binding, L1-binding, PML nuclear body-localization, SUMO-interaction domain [28, 30, 31, 33, 45] ). Thereby, most of the known functional domains cluster towards the termini of the PV L2 protein, and only a few are located in the centre (Fig 2A, [29] ).
To identify the potential chromosome-binding site(s) in HPV16 L2, chromosomal association of L2-EGFP truncation mutants was quantified in prometaphase-arrested cells. As an unbiased and quantitative measure, the chromosomal association index (CAI) was developed. Instead of using a threshold-based algorithm like for example colocalization analysis, the CAI were infected with EdU-HPV16, fixed at 20 h p.i., and stained for host DNA and vDNA using Hoechst and EdU-click chemistry, respectively. Cells were analyzed by CLSM. Shown is a representative confocal section of a metaphase cell with the host DNA (left, red), vDNA (center, green), and merge (right). (B) HeLa cells were infected with HPV16 PsV, fixed at 20 h p.i., and stained for incoming L2 protein using K1L2 and host DNA with Hoechst. Shown is a representative confocal section of a metaphase cell as above. (C) HeLa H2B-mCherry cells were transiently transfected with a HPV16 L2-EGFP expression plasmid, and synchronized by a single thymidine block. High magnification images of fixed cells were acquired using a spinning disc microscope. Depicted are representative images of the subcellular localization of L2-EGFP during the different cell cycle phases as determined by the histone marker.
https://doi.org/10.1371/journal.ppat.1006308.g001 uses non-arbitrary intensity based measurements. It is defined as mean fluorescence intensity ratio of chromosome-associated over cytoplasmic L2-EGFP. To correct for artificial background, these values were normalized to control EGFP-expressing cells. First, HPV16 L2 was sequentially truncated from the N-terminus (Fig 2B) . L2(13-473)-EGFP and L2(141-473)-EGFP, lacking all the N-terminal functional domains, visually associated with mitotic chromosomes similar to full-length L2-EGFP (Fig 2C, S3A Fig) . The CAI analysis of transfected cells revealed that chromosomal association of L2(13-473)-EGFP and L2(141-473)-EGFP was decreased by a small but significant amount (Fig 2D) , which suggests that N-terminal residues up to amino acid (aa) 140 may partially stabilize chromosomal association. Remarkably, chromosomal association is completely abolished upon deletion of further N-terminal residues with unknown function: L2(221-473)-EGFP and L2(356-473)-EGFP were excluded from the chromosomes exhibiting CAIs similar to the non-associating EGFP (Fig 2C and 2D) . Thus, residues in between aa 141 and 220 are crucial for mitotic chromosome binding, whereas the functionally described N-terminal domains are dispensable.
Next, L2 C-terminal deletions were tested (Fig 2E) . L2(1-443)-EGFP lacking the C-terminal DNA-binding domain, NLS, nuclear export signal, dynein-interacting domain, and membrane-destabilizing peptide [30, 31, 33, 40, 43] , and L2(1-350)-EGFP additionally lacking the PML localization, L1 and retromer interaction domains [28, 32, 34] , clearly associated with mitotic chromosomes (Fig 2F and 2G; S3B Fig), suggesting that the C-terminal functional domains are dispensable for chromatin association. Interestingly, sequential C-terminal truncations up to aa 334 as in L2(1-443)-EGFP, L2(1-350)-EGFP, and L2(1-334)-EGFP resulted in increased association, reflected by median CAIs up to 60% higher than that of full-length L2-EGFP (Fig 2F and 2G, S3B Fig) . Thus, the C-terminal functional domains are partially inhibitory for chromosomal association. This may indicate that L2 interactions with, for example, retromer or dynein, need to be reversed for efficient chromosomal association during initial infection and subcellular trafficking of L2/vDNA. Notably, chromosomal association was completely lost in truncations lacking 155 or more amino acids from the C-terminus such as in L2(1-318)-EGFP, L2(1-220)-EGFP and L2(1-140)-EGFP (Fig 2F and 2G, S3B Fig) , suggesting a crucial role for aa 319 to 334 in mitotic chromosomal association of L2. In summary, the C-terminal functional domains are dispensable for chromosomal association similar to the Nterminal domains. Overview of the N-terminally truncated HPV16 L2-EGFP mutants that were analyzed for chromosomal association during mitosis (numbers indicate the amino acid residues). The chromosomal association assay was performed upon transfection with L2-EGFP expression plasmids of the indicated PVs. Images were acquired using a spinning disc microscope with 40x magnification, and analyzed computationally. (C) Shown are single confocal slices of fulllength and selected truncated HPV16 L2-EGFP (upper row, green), H2B-mCherry (center row, red), and merges (lower row) for representative cells (the remaining constructs are shown in S3 Fig). (D) Chromosomal association of L2 was quantified by a semi-automated image analysis algorithm of at least 50 cells. The chromosomal association was assessed by the chromosomal association index (CAI), i.e. the ratio of mean EGFP fluorescence intensity (intensity per area) of chromosomally associated L2-EGFP over cytoplasmic L2-EGFP normalized by subtracting the median ratio for EGFP. The CAI is depicted as dot plot with solid lines indicating the median, and grey areas marking the middle 50% range of data points for HPV16 L2-EGFP (light grey) and EGFP (dark grey). Statistical significances (two-tailed Student's t-test) relative to full-length HPV16 L2-EGFP were assessed (***P < 0.001). (E) Overview of the C-terminal deletion mutants of HPV16 L2-EGFP that were examined in the chromosomal association assay. To further exclude that the N-and C-terminal domains compensate each other for mitotic chromosome recruitment, bilaterally truncated L2-EGFP mutants were tested (Fig 3A) . Since, for example, L2(141-355)-EGFP was fully capable to bind to mitotic chromosomes, it is unlikely that compensation occurs (Fig 3B and 3C, S3C Fig) . The minimal peptide that binds to chromosomes was L2(188-334)-EGFP (Fig 3B and 3C ). Further truncation of this central L2 fragment from either end abrogated chromosomal association, as evidenced by L2(188-318)-EGFP and L2(221-334)-EGFP (Fig 3B and 3C) . The requirement for residues directly upstream of aa 221, 
Association of L2 with mitotic chromosomes is conserved among PVs
To assess the functional conservation of L2-chromosome interactions among PVs of different genera, L2 association assays were carried out for HPV18 (another mucosal high-risk alpha-PV), HPV5 (cutaneous low-risk beta-PV), BPV1 (bovine delta-PV), and MnPV (Mastomys natalensis iota-PV). The L2 sequences of HPV16 and HPV18 are evolutionary most closely related, followed by HPV5, MnPV and BPV1 (Fig 4A) . L2-EGFP of all tested PVs associated with prometaphase chromosomes, albeit to varying extents (Fig 4B and 4C ). L2-EGFP of HPV5, BPV1 and MnPV were distributed evenly over the mitotic chromosomes similar to HPV16 (Fig 4B) . In contrast, HPV18 L2-EGFP localized to the peripheral rim of chromosomes (Fig 4B) , indicating that HPV18 L2 may be recruited in a different mode or to a different extent. Quantitatively, HPV18 L2-EGFP associated considerably less with chromosomes than HPV16 L2-EGFP (Fig 4B and 4C ). In contrast, L2-EGFP of HPV5, and the animal PVs had substantially higher CAIs than HPV16 (Fig 4B and 4C) . Hence, certain L2s may engage a common cellular recruiting factor with different affinities, or engage different cellular factors for recruitment to mitotic chromatin.
Overall, the tested PV L2s were all recruited to mitotic chromatin suggesting a similar tethering strategy. A comparison of the CBR of the analyzed PV types revealed that it contains two parts, a variable N-terminal region from aa 188 to 301 that contains eight conserved residues (aa 251 to 258), and a highly conserved C-terminal region from aa 302 to 334, overlapping with the previously defined NRS (Fig 5A) . The different degrees and patterns of association are likely the result of the variable regions within the CBR. To further elucidate the role of the CBR, we focused on conserved residues within L2 assuming that conservation likely correlates with functional importance.
Point mutations in HPV16 L2 abolish association with mitotic chromosomes
Directly upstream of, or within the highly conserved NRS, the CBR contains residues of several previously described mutations (Fig 5B) . Upstream of the NRS, the SUMO-interacting motif IVAL286 is required for efficient HPV infection and important for intranuclear targeting of the incoming vDNA to PML-NBs [45] . Glutamic acid substitutions of critical arginine residues within the NRS, as e.g. RR297 and RTR313, reduce the fraction of exogenously expressed L2 in the nucleus despite the presence of both NLSs [31] . Further alanine-substitution studies of residues RR302/5 revealed that the NRS is essential for infection [26, 42] . Interestingly, these studies from the Sapp laboratory variably attribute the function to different entry steps, i.e. traversal of the TGN or nuclear import [26, 42] .
To directly test whether these residues would be crucial for recruitment of L2 to mitotic chromosomes, respective mutations were introduced into HPV16 L2-EGFP by site-directed mutagenesis, and tested for chromosomal association (Fig 5B) . Of those mutants, only L2 (RR297EE)-EGFP associated with mitotic chromosomes although to a lesser extent compared to wild-type L2-EGFP (Fig 5C and 5D ). In contrast, L2(IVAL286AAAA)-EGFP, L2(RR302/ 5AA)-EGFP, and L2(RTR313EEE)-EGFP are unable to bind mitotic chromatin (Fig 5C  and 5D ). For ease of experimentation, HeLa H2B-mCherry cells were used for most of our assays. For confirmation, association was also tested for L2(IVAL286AAAA)-EGFP and L2 (RTR313EEE)-EGFP in HaCaT keratinocytes. Similar to HeLa cells, association was abrogated for these mutants in HaCaT cells (S1B and S1C Fig) . Thus, L2 residues IVAL286, RR302/5, and RTR313 are involved in L2 association with mitotic chromosomes, and likely play a role in viral genome tethering to mitotic chromatin for nuclear entry.
Mutant PsVs are impaired in nuclear delivery of vDNA and L2
To verify the role of these mutations under more physiological conditions, HPV16 PsVs harbouring L2(RTR313EEE) and L2(IVAL286AAAA) were tested in infection studies. As a structural component of the virus capsid, L2 is involved in virion assembly as well as virus entry (reviewed in [29] ). Since virions containing L2(IVAL286AAAA) are known to be assembly-competent [45] , we tested whether mutant HPV16 PsVs harbouring L2(RTR313EEE) would also assemble properly. Morphologic analysis of HPV16-L2(RTR313EEE) PsVs by negative stain EM revealed no detectable differences between wild-type and mutant HPV16 particles (S4A Fig) . In addition, wildtype and mutant L2 proteins, and the EGFP-reporter pseudogenome were incorporated into virus particles with comparable efficiency as shown by densitometric analysis of Coomassie-stained SDS-PAGE gels of PsVs (S4B Fig) . Thus, the mutant HPV16-PsVs assemble without considerable defects.
Next, we assessed whether incorporation of mutant L2 into virions would affect infectious entry. For this, HeLa or HaCaT cells were infected with HPV16, HPV16-L2(RTR313EEE), and HPV16-L2(IVAL286AAAA) at low and high multiplicities. In line with published results [45] , incorporation of L2(IVAL286AAAA) severely reduced infectivity of the PsVs in both HeLa and HaCaT cells (Fig 6A) , however, some infectivity of this mutant was retained at the higher MOI (Fig 6A) . HPV16-L2(RTR313EEE) PsVs were non-infectious in both cell types (Fig 6A  and 6B ). While both motifs are important for infectivity, they differ in their ability to perturb virus entry and possibly virus tethering. Interestingly, chromosomal association was similarly abrogated for both mutants, suggesting that this assay is extremely sensitive.
Next, the subcellular localization of vDNA upon infection was analyzed to test whether mutant PsVs failed to deliver vDNA to the nucleus. Intensity-based colocalization analysis showed that at 20 hours post infection (h p.i.) EdU-HPV16 had successfully delivered 60% ±10% and 40±12% of vDNA to HeLa and HaCaT nuclei, respectively (Fig 6B, 6C, 6E and 6F ). In contrast, intranuclear localization of vDNA was reduced or absent, when cells were infected with EdU-HPV16-L2(IVAL286AAAA) or EdU-HPV16-L2(RTR313EEE) PsVs, respectively (Fig 6B, 6C , 6E and 6F). Consistent with a defect in viral genome tethering, both mutants exhibited defects to direct vDNA to nuclei of infected host cells. Instead, the vDNA of mutant virions accumulated in perinuclear clusters, reminiscent of TGN localization. Similar to the infection studies, the L2(RTR313EEE) mutant PsV exhibited stronger defects than L2(IVA-L286AAAA). To verify these results, the localization of L2 was analyzed by antibody staining. Similar to the vDNA, L2 failed to localize to host cell nuclei after HPV16-L2(RTR313EEE) infection (Fig 7A and 7B) .
The perinuclear accumulation of vDNA suggested that the mutant L2 proteins were able to direct pseudogenomes to the TGN. Accordingly, vDNA of EdU-HPV16 and EdU-HPV16-L2 (RTR313EEE) were detectable in the TGN (Fig 6B and 6D) . In fact, the mutation caused increased accumulation of vDNA at the TGN (Fig 6B and 6D) , similar to the "Golgi retention" phenotype previously observed with EdU-labeled RR302/5AA mutant PsV [26] . As a control, Fig 2D. Statistical significances (two-tailed Student's t-test) relative to wild-type HPV16 L2-EGFP were assessed (**P < 0.01, ***P < 0.001).
https://doi.org/10.1371/journal.ppat.1006308.g005 cells were treated with aphidicolin, which arrests cells in interphase, and inhibits infection by blocking nuclear entry of wild-type HPV16 [5, 6] . As expected, vDNA of EdU-HPV16 was prevented from entering the nucleus under these conditions and accumulated in the TGN (Fig 6B  and 6D) .
Thus, the mutants were able to traffic vDNA to the TGN but failed to deliver vDNA to the nucleus, instead resulting in vDNA accumulation at the TGN, presumably due to a defect in tethering to mitotic chromosomes for nuclear import. In support, association of vDNA with metaphase chromosomes of mitotic HeLa and HaCaT cells was substantially impaired for EdU-HPV16-L2(IVAL286AAAA) and virtually absent for EdU-HPV16-L2(RTR313EEE) (Fig  8A and 8B) . Similarly, L2(RTR313EEE) did not localize to metaphase chromosomes after infection of HeLa cells, whereas wild-type L2 accumulated on mitotic chromatin (Fig 7C  and 7D) .
The Golgi retention phenotype and defective nuclear entry shared between the defective CBR mutants L2(IVAL286AAAA), L2(RTR313AAA), and L2(RR302/5AA) (the latter reported in [26] ) prompted us to determine whether these mutants could translocate across limiting membranes during infection. The accompanying report by Calton and colleagues [47] describes a novel system for measuring L2 membrane penetration. In brief, the assay utilizes PsVs that encapsidate L2, which is C-terminally fused to the BirA biotin ligase from E. coli. BirA catalyzes the covalent addition of free biotin to a specific 15-residue biotin acceptor peptide (BAP) substrate [55] . L2-BirA PsVs are used to infect a HaCaT cell clone that stably expresses a cytosolic GFP-BAP fusion [47] . Only upon translocation of the C-terminus of L2-BirA across limiting membranes can the BirA moiety encounter and biotinylate the GFP-BAP substrate. Thus, the degree of biotinylation of GFP-BAP is a proxy for the efficiency of translocation of the L2 C-terminus across the limiting membrane of vesicular compartments [47] . Using this system, Calton et al. observed that translocation is dependent upon the cell cycle, with a strict requirement for entry into mitosis. Furthermore the timing of translocation in synchronized cells was coincident with or just subsequent to mitotic onset [47] .
Using the L2-BirA system, Calton et al. show that the L2(RR302/5AA) mutant, which is defective for chromatin binding (Fig 5) , was impaired for translocation of the L2 C-terminus across the limiting membrane. Thus, we tested whether L2(RTR313EEE) and L2(IVA-L286AAAA) would also be unable to penetrate. HaCaT GFP-BAP cells were infected with HPV16 L2-BirA PsVs containing L2(RTR313EEE), L2(IVAL286AAAA), or, as control, L2 (RR302/5AA). In comparison to the wild-type particles, the mutant L2-BirA PsVs were noninfectious and unable biotinylate GFP-BAP, indicating that the L2 region important for binding mitotic chromosomes is also required for translocation of the L2 C-terminus into the cytoplasm (Fig 8C and 8D) .
Overall, this study further validates the model of PV nuclear entry, in which L2 tethers the viral genome to mitotic chromosomes upon NEBD in order to direct it to the nascent nuclei during cell division. Moreover, a central region in the HPV16 minor capsid protein L2 from aa 188 to 334 was identified as sufficient and required for association of L2 with mitotic chromosomes. In particular, we characterized the chromosome-binding deficient mutant L2 (RTR313EEE) that rendered mutant PsVs non-infectious. HPV16-L2(RTR313EEE) PsVs were unable to deliver the vDNA to the nucleus and were impaired for C-terminal translocation across the membranes of the vesicular compartment. Taken together, these results supported a new model in which L2 chromatin binding and translocation are interdependent processes. Finally, we provide evidence that Papillomaviridae across different genera share a common L2-mediated nuclear entry strategy by tethering vDNA to mitotic chromosomes.
Discussion
Our recent work demonstrated that nuclear delivery of HPV16 genomes requires NEBD during mitosis, and it provided first evidence for the existence of a tethering mechanism of the viral genome to mitotic chromatin by the minor capsid protein L2 [5] . In this study, we demonstrated that a conserved, central CBR encompassing amino acid residues 188 to 334 of HPV16 L2 mediates recruitment to mitotic chromosomes specifically during prometaphase. By tethering vDNA to mitotic chromosomes, L2 facilitates nuclear delivery of incoming vDNA and infection of both daughter cells. Our data also show that conserved residues within the CBR are also critical for membrane penetration of the L2 C-terminus, suggesting that these two processes are functionally linked.
To ensure inclusion into the nascent daughter nuclei after cell division, the vDNA and L2 interact with host mitotic chromatin. This interaction is consistent with L2 acting as a viral tethering factor. A tethering function implies that one part of the protein holds on to vDNA, whereas another part interacts with host chromatin [56] . In PV L2, both the N-and C-terminal polybasic regions of L2 are capable of binding to DNA in vitro [33, 57, 58] and these linear DNA-binding domains may bind the vDNA during assembly of the virions [33, [57] [58] [59] . Prior work with purified full length and truncated BPV1 L2 suggests that in particular the C-terminal domain mediates direct binding to DNA [58] . Furthermore, for incoming virions, the N-terminal DNA-binding domain of L2 is cleaved off by furin to mediate localization of L2/ vDNA to the TGN [19] [24] . Thus, the vDNA is likely attached to the L2 C-terminal DNAbinding domain upon virus entry and it is unlikely that any of these terminal DNA-binding domains would be available for host chromatin binding. Moreover, our results demonstrate that mitotic chromosomal association of HPV16 L2 is independent of both N-terminal and C-terminal DNA-binding domains, and that the central CBR in HPV16 L2 was sufficient and necessary for chromosomal association. Hence, the use of two different sites in L2 would clearly allow simultaneous binding to mitotic chromatin and the vDNA, the prerequisite for a tethering factor.
Two distant sites within the CBR, L2(189-220) and L2(319-334), are alone insufficient but indispensable for chromosomal association. Both sites may be necessary to form an interface that binds host mitotic chromosomes upon folding. Since L2 is for the most part, predicted to be an intrinsically disordered protein (DisEMBL, [60] ), it is likely that these sites act as linear motifs independent of protein secondary and tertiary structures. In support, computational analysis predicted that both sites contain disordered loops with high mobility, which may fold upon binding to the corresponding cellular partner. Alternatively, L2 may function as a scaffold, in which each of these sites interacts with a different cellular chromosomal target, thereby stabilizing the association with chromatin. However, a simple stabilization appears less likely, as deletion of both L2 sites abrogates mitotic chromatin recruitment. Nevertheless, the potential for multivalent interactions to tether vDNA to chromatin is not without precedent: EBNA1 and LANA1 of Epstein Barr virus and Kaposi's sarcoma associated herpesvirus, respectively, both use two N-and C-terminal chromosome-binding sites to tether the viral episome to chromosomes for maintenance (reviewed in [56] ). The N-terminal chromosomebinding domain of LANA1 interacts with histones H2A-H2B at the nucleosomal surface and modulates the C-terminal interaction with chromosomally associated methyl-CpG-binding protein 2 [61, 62] . Interestingly, the C-terminal part (aa 302-334) of the central CBR of HPV16 L2 is highly conserved among PVs, and HPV16 L2 residues 312 to 322 exhibit high conservation with residues 6 to 16 of the N-terminal chromosome-binding domain of LANA1 [63] . While this might point to a putative interaction of HPV16 L2 with histones, such an interaction appears unlikely, as exogenously expressed L2 is recruited specifically and dynamically to mitotic chromosomes and does not interact with interphase and prophase chromatin. The prometaphase-dependent chromosomal association also argues against use of the L2 terminal DNA-binding domains to attach to host chromosomes, as these interactions are nonsequence specific and would be expected to occur throughout the cell cycle rather than at a specific stage of mitosis.
In order to engage a cellular factor for tethering during mitosis, the L2 CBR has to be cytosolic. Despite the growing knowledge of molecular players involved in PV intracellular trafficking, it still remains controversial when and how L2/vDNA penetrates and egresses from membrane-bound organelles. L2 contains an N-terminal TM domain and a C-terminal membrane-destabilizing peptide that are essential for PV infection [39, 40] . Precisely how these domains insert into the membrane remains unknown, but previous work suggests that L2 may adopt a type-I transmembrane topology during infection, whereby residues upstream of the TM domain are luminal and residues immediately downstream are cytosolic [41] . It should be noted, however, that the topology of the extreme C-terminus was never determined in this prior work.
The cytosolic exposure of residues downstream of the TM domain, including the central CBR, likely occurs within endosomal compartments because this portion of L2 contains motifs that are involved in endosomal sorting and trafficking of L2/vDNA to the TGN through interaction with cytosolic SNX17, SNX27, and the retromer [37, 38, 50] . Interestingly, the accompanying report from the Campos group provides indirect evidence that the extreme Cterminus of L2 together with the vDNA remains luminal within endosomes [47] . This may point to a topology with two membrane-spanning domains, a previously described N-terminally located domain, and a yet elusive C-terminally located domain. Thus, both termini of L2 would be luminal, and the CBR would be cytosolic in this model. The previously described C-terminal membrane destabilizing peptide could be a candidate for this additional membrane spanning domain, but this region does not have the biochemical characteristics of a TM domain [40] . Alternatively, it has been proposed that multiple L2 molecules may oligomerize within the membrane to form a pore, because the N-terminal TM domain of L2 can self-associate within biological membranes [39] . A pore-like structure built from the N-terminal TM domain might allow passage of the L2 C-terminus across the membrane without the assistance of another TM domain. Clearly, further work is necessary to determine the unique topology of L2 as it exists in this membrane-spanning state.
In any case, all of these models would suggest that the L2 CBR is accessible for interaction with cytosolic cellular interaction partners. Further, the CBR is located in between the SNX17 binding site at residues 254-257 and the retromer binding sites near the C-terminus. That both of these regions become exposed to the cytosol to engage their respective sorting molecules during infection strongly suggests that the CBR does as well.
Point mutational analyses of the highly conserved NRS, which is located within the identified CBR, further strengthened the potential role of this region in delivering vDNA to the nucleus by tethering the viral genome to mitotic chromosomes. The L2(RTR313EEE) mutation of mostly highly conserved residues has previously been reported to impair nuclear retention of exogenously expressed L2 [31] . Here, we show that this mutation abolished binding of L2 to mitotic chromatin, and rendered the assembly-competent HPV16 particles non-infectious. HPV16-L2(RTR313EEE) PsVs trafficked to the TGN but failed to reach the nucleus. Moreover, the mutant L2 was unable to tether vDNA to chromosomes during mitosis, which could explain the defect in nuclear entry. Our analysis of the previously described L2(RR302/ 5AA) mutation of conserved residues in the NRS in our chromosomal association assay revealed that this mutant was also unable to bind to mitotic chromosomes. Similar to our findings with HPV16-L2(RTR313EEE) PsVs, recent reports indicate that HPV16-L2(RR302/5AA) PsVs traffic to the TGN but fail to reach the nucleus [26, 42] .
Interestingly, the L2(RTR313EEE) and the L2(RR302/5AA) mutations blocked translocation of the L2 C-terminus across the limiting membrane as well as L2 association with mitotic chromatin (Figs 5 and 8 ; [47] ). Together these data strongly suggest that translocation and tethering to mitotic chromosomes are functionally linked. In support of this hypothesis, L2 translocation coincides with mitosis, and is inhibited if the cell cycle is arrested prior to Mphase [47] . Moreover, since the L2(RR302/5AA) and L2(RTR313EEE) mutations impair both the membrane translocation of the L2 C-terminus and the recruitment to mitotic chromatin [47] , the interaction with a cellular tethering factor may additionally act as a translocation factor, functionally coupling L2 chromatin binding to membrane translocation of the L2/vDNA. If this is the case, the L2(RR302/5AA) and L2(RTR313EEE) mutations are likely located within the interface for an interaction with a cellular partner.
In addition to the mutations within the NRS, mutation of the less conserved SUMO interacting motif (IVAL286AAA) of HPV16 L2 adjacent to the NRS impaired mitotic chromatin association and membrane penetration. Interestingly, this mutation was only partially defective for nuclear import in infection studies in line with previous work [45] , which may suggest that the conserved C-terminal part of the NRS contains the more crucial part of the interface for an interaction with a cellular partner. Alternatively, the mutations may have varying structural relevance by affecting the folding dynamics upon engagement of cellular targets at different sites of L2.
It has been suggested that L2(RR302/5AA) mutation may disrupt interaction of L2 with factors mediating plus end-directed transport along microtubules towards condensed chromosomes [42] . Our data show that recruitment of PV L2 to mitotic chromosomes can occur independently of microtubules, because L2 associates with prometaphase chromosomes in the presence of the microtubule-depolymerizing drug nocodazole. While this data does not exclude the possibility that kinesin-mediated transport occurs and contributes to the efficiency of chromosomal association during infection, L2 recruitment to mitotic chromatin is clearly efficient in the absence of kinesin-mediated microtubule transport.
Our work strongly indicates a common mechanism among PVs in which L2 tethers the vDNA to mitotic chromosomes for nuclear entry during cell division. For the first time, our results demonstrate that L2 proteins from three different host species (human, bovine, rodent) and four PV genera (alpha, beta, delta, iota) are recruited to mitotic chromosomes. Interestingly, differences in the pattern and extent of association between the different PV L2 proteins may indicate either differential affinities to the same cellular interaction partners or the engagement of different tethering factors. It is tempting to speculate about the latter, as this feature would not be unprecedented even among PVs. The PV E2 protein mediates genome maintenance during persistent PV infection in dividing cells by tethering the episomal genome to host chromatin (reviewed in [64] ). While the N-terminus of the E2 protein of BPV1 interacts with bromodomain-containing protein 4 (Brd4) on mitotic chromosomes, HPV8 E2 binds pericentromeric regions, independently of Brd4, via its hinge region and C-terminal domain [65, 66] . If L2 proteins of different PVs would interact with different cellular factors, one would expect that the interaction would be primarily defined with less conserved residues of the CBR, as found in the N-terminal portion. If all PV L2 proteins would employ the same cellular chromosomal factors, the conserved residues of the L2 CBR may be responsible for the principle interaction, whereas the less conserved flanking regions may be important to modulate the affinities of interaction. Here, the less conserved L2 residues 189-220 or the less conserved SUMO-interacting motif IVAL286 may be important. The fact that infectivity and nuclear import were less affected for L2 IVAL286AAAA than RTR313EEE virions support an accessory rather than essential role for the SUMO-interacting motif. Unfortunately, we are precluded from further experimental validation of these hypotheses as long as the cellular interaction partners of L2 for chromosomal association remain elusive.
With this study, we propose a unified model for all PVs, where membrane translocation and nuclear entry of the L2/vDNA complex occur simultaneously in dividing cells by tethering of vDNA to mitotic chromosomes through L2 upon NEBD. This complex would remain associated with chromosomes throughout mitosis, and is thus directed into the nascent nuclei during cell division. L2 and the vDNA are recruited to prometaphase chromosomes through the interaction of a dedicated L2 CBR (residues 188-334 for HPV16 L2) with a mitosis-specific chromosomal cellular protein. The affinity of L2 to a common cellular protein may be PV type dependent, or different PV may engage different cellular targets. After mitosis, the subviral complex would have to be released from the chromosomes either upon dissociation of the cellular tethering factor from chromosomes, or upon high affinity binding to another nuclear factor that would direct the viral genome, for example, to PML-NBs [45, 46, 67] . In line with the latter possibility of regulated interactions, mitotic chromosomal association of HPV16 L2-EGFP was increased in the absence of, for example, the C-terminal PML-NB localization domain (Fig 2) . The identification of the CBR of L2 for tethering of vDNA to mitotic chromatin now allows a more targeted search for a cellular recruiting factor. Moreover, the observed differences between PV types in their binding pattern to mitotic chromatin prompt future studies on the functional significance of these differences and on how they occur. Importantly, our understanding of the dynamic interactions of the L2/vDNA complex has been inferred from steady state images of incoming virions and of live cell imaging from exogenously expressed L2. However, to fully understand the mechanistic dynamics of these processes, live cell imaging will be required. Since live cell imaging of this subviral complex is currently technically impossible, future efforts will aim at developing methods that allow dynamic analysis of incoming L2/vDNA.
Materials and methods
All experimental results are derived from at least three independent experiments if not otherwise stated. Images were processed for presentation purposes using ImageJ (version 1.49m, National Institutes of Health, USA).
Cell lines
HeLa cells were from ATCC. HeLa H2B-mCherry cells were a gift of D. Gerlich, Vienna [68] . Cells were maintained in DMEM (Sigma Aldrich) supplemented with 10% fetal calf serum (Merck Millipore). Medium was supplemented with 500 mg/ml G418 for HeLa H2B-mCherry cells. HaCaT NES-GFP-BAP cells were generated from HaCaT cells [69] and cultured as described in the accompanying report [47] .
Plasmid constructions
HPV16 L2 deletion mutants were constructed either by inverse PCR (L2(13-473), L2(1-220), L2(1-350), L2(1-140), L2(356-473)) or conventional cloning. For the inverse PCR, deletion was achieved by using primer pairs flanking the deleted region for outward PCR amplification from the HPV16 L2-EGFP plasmid (EF1alpha promoter-driven; generated by Chris Buck, provided by Martin Müller). The amplified products were digested with DpnI at 37˚C for 1 h to remove the parental template before 5'-ends were phosphorylated and then self-ligated either at RT for 4 h or at 16˚C overnight. In the conventional cloning approach, other HPV16 L2 deletion mutants were constructed by replacing the L2 gene in the HPV16 L2-EGFP plasmid between NotI and NheI sites with the coding sequence for the respective amino acid region. The insert was prepared in two steps: First, a DNA fragment was amplified from the HPV16 L2-EGFP plasmid with a forward Kozak consensus sequence-containing primer and a reverse NheI site-containing primer annealing to the desired N-terminal and C-terminal amino acid positions, respectively. Second, the obtained product was extended at the 5'-end by a NotI sitecontaining primer in a PCR with the previous reverse primer before digestion by NotI and NheI. The coding sequence for L2 of HPV5 was amplified from p5sheLL [70] and cloned into NotI/NheI-cleaved HPV16 L2-EGFP as above.
To construct HPV16 L2(269-334)-EGFP, the DNA fragment comprising the Kozak consensus sequence, the coding region for amino acids 269-334 and additional linker residues SGG was released by NotI/NheI digestion from a plasmid containing the synthetically produced insert (Eurofins). The DNA fragment was cloned into NotI/NheI-cleaved HPV16 L2-EGFP plasmid as described above.
To clone the coding sequence for L2 of HPV18 and MnPV into NotI/NheI-cleaved HPV16 L2-EGFP plasmid, internal NheI and NotI restriction sites in the respective L2 DNA sequences were mutated in the template plasmids HPV18L2h [71] and pJET-MnPVL2hum (provided by Frank Rösl, DKFZ) by site-directed mutagenesis before conventional cloning was performed as described above.
To generate BPV1 L2-EGFP, the L2 gene of BPV1 was amplified from pSheLL [72] with forward and reverse primers carrying KpnI and XmaI sites, respectively, and cloned into pEGFP-N3 (CMV promoter-driven) between KpnI and XmaI sites.
All point mutations were introduced with mutagenic primers by using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies) according to the manufacturer's instructions. The HPV16 L2-EGFP plasmid was used as template for generating the point mutants L2(IVAL286AAAA)-EGFP, L2(RR297EE)-EGFP, L2(RR302/5AA)-EGFP and L2 (RTR313EEE)-EGFP. p16SheLL [70] was used as template for introducing the point mutations encoding L2(RTR313EEE) and L2(IVAL286AAAA).
The sequences of primers that were employed in PCRs are listed in S1-S3 Tables. Sequences of obtained expression constructs were verified by Sanger sequencing.
Viruses
Preparations of HPV16 PsVs containing GFP reporter plasmid or 5-ethynyl-2'-deoxyuridine (EdU)-labeled-DNA were performed as previously described using the plasmids p16SheLL and pCIneo-GFP [73, 74] . HPV16-L2(RTR313EEE) and HPV16-L2(IVAL286AAAA) PsVs were prepared like wild-type HPV16 PsVs but using p16SheLL mutated in the L2 gene. L2-BirA particles encapsidating a luciferase expression plasmid were generated by calcium phosphate transfection and CsCl purification as described in accompanying manuscript [47] .
Infectivity assay 5x10 4 HeLa or HaCaT cells were plated in 12-well plates one day prior to infection with HPV16 to result in about 20% infection 48 h p.i. and with comparable amounts of HPV16-L2 (RTR313EEE) or HPV16-L2(IVAL286AAAA). Additionally, high virus amounts were used to be able to detect any possible residual infectivity for the mutant virus. The inoculum was exchanged at 2 h p.i. with fresh medium. Cells were fixed 48 h p.i. in 4% PFA, and infectivity was assessed by flow cytometry (BD FACSCalibur) for GFP expression.
Subcellular localization of vDNA in infected cells
To analyze vDNA of incoming HPV16 PsVs, 3x10 4 HeLa Kyoto cells or HaCaT cells were seeded on glass cover slips one day prior to infection with either EdU-HPV16, EdU-HPV16-L2(RTR313EEE), or L2(IVAL286AAAA) PsVs. To determine trafficking of PsVs to the TGN under conditions, where nuclear entry is blocked by interphase arrest, cells were pretreated after adhesion with 15 μM aphidicolin (Sigma) for 16 h prior to infection, and infected in the presence of the inhibitor. Cells were fixed 20 h p.i. in 4% PFA, and EdU incorporated into the vDNA was detected using the Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen). After the EdU-Click-iT reaction, nuclei were visualized by staining with Hoechst 33258. Confocal image slices were acquired at the Zeiss LSM 780 confocal microscope with a 63x objective. Intensity-based colocalization analysis using the ImarisColoc module (Imaris, Bitplane). For the colocalization study of vDNA with the TGN cells were immunostained with an antibody against the TGN marker p230 (BD Biosciences #611280, 1:1000 dilution), and a z interval of 0.8 μm was chosen for z-stacks covering the height of the interphase nucleus. Intensitybased colocalization analysis using the ImarisColoc module was performed to analyze localization of vDNA to the nucleus or TGN within three medial slices per cell. 10 to 20 cells were analyzed per condition in each experiment.
For studying colocalization of vDNA with mitotic chromosomes (in metaphase and anaphase cells) a z interval of 0.6 μm was chosen for z-stacks covering the height of the chromosome bulk. Colocalization of the vDNA with mitotic chromosomes was analyzed within the entire z-stack using ImarisColoc. 10 to 20 cells were analyzed in each experiment.
Subcellular localization of L2 in infected cells
To analyze the L2 of incoming HPV16 PsVs, 3x10 4 HeLa cells or HaCaT cells were seeded on glass cover slips one day prior to infection with either HPV16 or HPV16-L2(RTR313EEE) PsVs. Cells were fixed 20 h p.i. in 4% PFA, and L2 protein was detected using the L2 antibody K1L2 [75] . After the antibody staining, nuclei were visualized by staining with Hoechst 33258. Confocal image slices were acquired at the Zeiss LSM 780 confocal microscope with a 63x objective. Intensity-based colocalization analysis using the ImarisColoc module (Imaris, Bitplane). For studying colocalization of L2 with mitotic chromosomes (in metaphase and anaphase cells) an interval of 0.6 μm was chosen for z-stacks covering the height of the chromosome bulk. Colocalization of the vDNA with mitotic chromosomes was analyzed within the entire zstack using ImarisColoc. 10 to 20 cells were analyzed in each experiment.
Electron microscopy
1-5x10
6 purified HPV16 or HPV16-L2(RTR313EEE) PsVs in PBS/0.8 M NaCl were absorbed for 1 min on formvar-coated, carbon-sputtered grids. Particles were contrasted for 4 min with 1% phosphotungstic acid, pH 7.2, and then for 10 s with 1% uranylacetate/ddH2O. Directly after drying, samples were analyzed at 80 kV on a FEI-Tecnai 12 electron microscope (FEI, Eindhoven, Netherlands). Photographs of selected areas were documented with Olympus Veleta 4k CCD camera.
SDS-polyacrylamide gel electrophoresis and Coomassie-staining
Similar amounts of purified HPV16 and HPV16-L2(RTR313EEE) PsVs were subjected to electrophoretic separation in a 12% SDS-polyacrylamide gel and Coomassie-staining. The relative amounts of L1, L2, and cellular histones derived from the encapsidated chromatinized reporter plasmid in virions were determined by densitometric analysis.
Fluorescence microscopy analysis of HPV16 L2-EGFP during mitotic stages
To investigate the subcellular localization of HPV16 L2 in cells during the different mitotic stages, 5x10 4 HeLa H2B-mCherry cells were plated on glass cover slips in 12-well plates, and transfected with a HPV16 L2-EGFP expression plasmid the next day using Lipofectamine2000 (Invitrogen). 9 h post transfection, cells were incubated with 2 mM thymidine for a single thymidine block for 15 h. When cells reached the first peak of mitosis 9-10 h after washing out the thymidine, they were fixed for 20 min in 4% PFA. Single slice images of transfected cells were acquired at the spinning disc microscope (Zeiss Axio Observer Z1, equipped with a Yokogawa CSU22 spinning disc module; Visitron Systems GmbH) with a 63x objective.
Chromosomal association assay of PV L2-EGFP in prometaphase cells
To analyze the chromosomal association of PV L2-EGFP in prometaphase cells, 5000 HeLa H2B-mCherry cells or 7000 HaCaT cells were plated per well on optical 96-well plates one day prior to transfection with PV L2-EGFP constructs or EGFP expression plasmid as control. 24 h after transfection, cells were treated with 100 ng/ml nocodazole for 16 h in order to enrich cells in prometaphase. Then, cells were fixed for 30 min by carefully adding 12% PFA to the medium in the wells to yield a final concentration of 4%. The actin cytoskeleton was stained using Alexa Fluor 647 Phalloidin in PHEM Triton buffer (60 mM PIPES [piperazine-N,N 0 -bis(2-ethanesulfonic acid)], 10 mM EGTA, 2 mM MgCl 2 , 25 mM HEPES, pH 6.9, 0.1% Triton X-100). Single slice images were acquired at the spinning disc microscope with a 40x objective and analyzed with the cell image analysis software CellProfiler (version 2.1.1.). The chromosome and respective cellular area were segmented based on the H2B-mCherry (HeLa H2B-mCherry) or RedDot2 (HaCaT) and actin signal, respectively. The cytoplasmic area was determined by creating an inverted mask of the chromosome within the plasma membrane border. Due to differences in expression levels between the constructs, cells were classified based on their total EGFP intensities. Only cells with expression levels at which fulllength HPV16 L2-EGFP showed association with mitotic chromosomes were quantified. The degree of chromosomal association was assessed by chromosomal association index (CAI), i.e. the ratio of mean EGFP fluorescence intensity (intensity per area) of chromosomally associated L2 over cytoplasmic L2 normalized by subtracting the median ratio for EGFP. If not otherwise stated, at least 50 cells per construct were analyzed this way from one to two experiments.
Phylogenetic tree
The alignment of the L2 amino acid sequences of HPV16, 18, 5, BPV1 and MnPV by Clustal Omega (Sievers, 2011) was used to determine the evolutionary relationships with the approximate Likelihood-Ratio Test in PhyML 3.0 [76] . The phylogram was visualized with TreeDyn [77] . The branch length represents the amount of genetic changes in substitutions per site.
PV L2 amino acid conservation analysis
The L2 amino acid sequences of HPV16, 18, 5, BPV1 and MnPV were analyzed for amino acid conservation by homology-extended multiple sequence alignment strategy in PRALINE [78] . The output scores from 0 for the least conserved alignment position, up to 10 for the most conserved alignment position were binned into five new color-coded categories: no (0-1, white), low (2-3, blue), intermediate low (4-5, green) , intermediate high (6-7, orange) , and high (8-10, red) conservation.
L2-BirA experiments
As described in [47] , 50,000 HaCaT NES-GFP-BAP cells were seeded in 24 wells plates one day prior to infection. To assay infectivity, the cells were infected with L2-BirA PsV at 2 x 10 8 viral genomes/well. At 24 h p.i., the cells were washed with PBS and lysed in reporter lysis buffer from Promega (E3971). Luciferase activity was measured on a Beckman Coulter DTX-800 multimode plate reader using luciferase assay reagent from Promega (E4550) according to the manufacturer's instructions. Luciferase signal was normalized to GAPDH signal from western blots of infected cell lysates. To assay translocation, the cells were infected with 150ng L1/well L2-BirA virus. At 24 h p.i., the cells were treated with pH 10.7 PBS for 2.5 minutes and then washed 2x with pH 7.2 PBS to remove non-internalized PsV. The cells were then lysed in 1X RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with 1x reducing SDS-PAGE loading buffer, 1X protease inhibitor cocktail (Sigma P1860), and 1mM PMSF. The samples were then boiled for 5 minutes. After boiling, the samples were then resolved using SDS-PAGE and transferred onto a 0.45mm nitrocellulose membrane. The membrane was then cut in half at the 50kD marker. The upper half of the gel was blocked with 5% nonfat milk in TBST and stained with anti-L2 K4 at 1:5000. The lower half of the gel blocked in 100% Odyssey blocking buffer (Licor 927-40000) and stained with neutravidin DyLight 800 (Pierce 22853). The lower half of the blot was then reprobed sequentially with anti-GFP (Clontech 6323770) at 1:5000 and Goat anti-rabbit DyLight 680 (Pierce 35568) in 50% Odyssey blocker buffer/TBST. Blots were imaged using the Licor Odyssey Infrared Imaging System. 
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